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patterns of trends in mean temperatures and warm extremes are similar. The indices are characterized by
positive trends, with the exception of HotD in Guinea with no data during JAS. Analysis of large-scale
atmospheric fields during warm extreme days when both TX and TN exceed their respective 90th percentile
thresholds shows that warm extreme days are associated with mid-tropospheric subsidence motion in vertical
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 Abstract 
The impact on society of extreme temperature events is enormous. This study examines the 
temporal evolution and trends in mean temperatures (minimum temperature, TN and maximum 
temperature, TX) and warm extremes in Nigeria as well as in three regions in Nigeria (Guinea, 
Savanna, and Sahel) using homogenized daily TN and TX for the period 1971–2012. Warm 
extremes are defined as days with TX > 35 °C (HotD) and nights with TN > 20°C (TropN). The 
modified Mann-Kendall test is used to calculate and assess the statistical significance of trends in 
the indices. The results at annual and seasonal (JFM, AMJ, JAS, and OND) timescales indicate a 
significant positive increase in temperatures in Nigeria. The warming in annual and seasonal TN 
is greater than in TX. The temporal evolution in warm extremes is similar to those of the mean 
temperatures, with trends in TropN greater than those of the HotD. In all the regions, the 
temporal patterns of trends in mean temperatures and warm extremes are similar. The indices are 
characterized by positive trends, with the exception of HotD in Guinea with no data during JAS. 
Analysis of large-scale atmospheric fields during warm extreme days when both TX and TN 
exceed their respective 90th percentile thresholds shows that warm extreme days are associated 
with mid-tropospheric subsidence motion in vertical velocity anomaly that is connected with the 
core of the thermal low and the net convergent flow. These features are accompanied by positive 
surface shortwave radiation anomaly coupled with cloud cover reduction.           
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1 Introduction 
 Extreme temperature events can have a significant impact on society and the 
environment. Changes in mean temperatures leading to changes in the characteristics of 
temperature extreme events such as hot days, heat waves, and warm nights have caused 
significant havoc to societies and natural ecosystems during the last few decades (Changnon et 
al. 1996). Extreme heat events are threat to humans, wildlife, farmlands, and infrastructure 
because they can spark widespread fire outbreaks such as the 2010 wildfire events in western 
Russia (Huber and Gulledge, 2011). Higher temperatures and resultant enhanced evaporation 
rates coupled with reduced precipitation are conducive to the initiation and maintenance of 
drought, causing livestock mortality, crop failures and declining water levels in river basins. For 
example, Lake Chad which borders Chad, Cameroon, Niger Republic, and Nigeria has witnessed 
dramatic decline in size over the past 30 years; a consequence of warming-induced drought 
episodes and unregulated excessive demands for agricultural water (Lake Chad, 2016). 
Agricultural activities and lifestyles of the communities that depend on this lake for their source 
of fresh water supply have been affected. Understanding human health and ecosystems responses 
to changes in mean temperatures and associated extremes, in light of anthropogenic warming, is 
vital for planning in order to adapt and mitigate the impacts.  
 Analyses of observed daily temperatures on the global scale have indicated that warming 
is likely a consequence of anthropogenic influences (Alexander et al. 2006; Donat et al. 2013) 
with resultant increases in daytime and nighttime high temperatures (Aguilar et al. 2009; Meehl 
et al. 2009; Morak et al. 2011). Increases in extreme warm events including warm days and 
nights due to a warming climate have also been reported in most regions of the world (Fontaine 
et al. 2013; Dittus et al. 2016). For example, analysis of changes in daily temperature extremes in 
central and south Asia during 1961–2000 showed warming of the warm tail of the distributions 
of daily minimum and maximum temperatures (Klein Tank et al. 2006). Using the ETCCDI2-
based modified climate extremes index over Asia, Australia, America, and Europe, Dittus et al. 
(2015) concluded that all the continental-scale regions have significant increasing widespread 
areas with warm annual minimum and maximum temperature extremes, except over North 
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America where maximum temperature extremes did not increase. As in other continents, Collins 
(2011) examined changes in mean temperature over Africa and found increases in trends in the 
temperature indices reflected warming due to human activity and/or natural variability of the 
climate. Despite these global- and continental-scale analyses, there are still many regions, in 
particular in West Africa that were not included. Thus, gaps still exist in our understanding of 
variability and trends in climate extremes.   
 A detailed understanding of observed regional warming over West Africa is overdue. 
This need has motivated several efforts towards the analyses of in situ and gridded temperature 
observations (e.g., Alexander et al. 2006; New et al. 2006; Fontaine et al. 2013; Kruger and 
Sekele 2013; Mackellar et al. 2014). However, a thorough depiction of mean temperatures and 
associated extremes over the region is not possible as a result of sparse data coverage, which is 
also always not freely available (Alexander et al. 2006, Collins 2011). Visual scrutiny of the 
studies based on daily in situ datasets (e.g., New et al. 2006; Donat et al. 2013; Moron et al. 
2016; Oueslati et al. 2017) shows that several of these studies excluded Nigeria in their analysis 
as a result of issues discussed earlier. The understanding of the characteristics of extreme 
temperatures in Nigeria prompted Abatan et al. (2016) to examine trends in percentile-based 
indices of temperature. The result of the analysis showed that majority of the stations in Nigeria 
have experienced significant increases in the frequency of warm extremes, with the warming 
most pronounced in warm nights. More recently, Abatan et al. (2018) examined trends in the 
annual warmest and coldest temperature extremes. The intraseasonal variability of trends in these 
indices is highest during the winter season, especially for the minimum temperature-related 
indices. The warming in the absolute indices of temperature extremes over Nigeria is observed to 
be partly related to variability in the North Atlantic Oscillation. Despite the efforts by Abatan et 
al. (2016, 2018), detailed understanding of climate extremes in Nigeria from the viewpoint of 
other climatic temperature indices including threshold indices [e.g., tropical nights (TR20: TX > 
20 °C; hereafter TropN) and summer days (SU25)] is still not available. Information on trends in 
observed warm extremes from the historic data record can offer a guide towards understanding 
the projection of extremes and how to assess and manage their changing risk in the future.  
 The climate of Nigeria is characterized by strong seasonality in temperature (Fig. 2). This 
feature is related to latitudinal position (Fig. 1), elevation, and the thermal contrast between land 
and sea. The low-latitude regions receive a large amount of incoming solar radiation, which 
results in extreme high temperatures (Moron et al. 2016). Daytime air temperatures above 35 °C 
can cause moderate-to-extreme heat stress on human body and nighttime air temperatures above 
20 °C can cause sleeplessness as a result of the inability of the human metabolism to cool down 
from the day’s heat stress (Moron et al. 2016).  
 This study examines the temporal evolution and trends in mean temperatures and warm 
extremes using observed-temperature time series in Nigeria from 1971–2012 on annual and 
seasonal timescales. This study is motivated by previous works; Moron et al. (2016; over West 
Africa) and Abatan et al. (2016, 2018; over Nigeria). Moron et al. (2016) analyzed trends in 
mean and warm extremes in northern tropical Africa using very hot days (HotD: TX > 35 °C) 
and TropN, but did not analyze trends in such indices over Nigeria. Abatan et al. (2016) used 
percentile-based temperature indices in characterizing the extreme temperature over Nigeria, 
which is limited in characterizing extreme heat impact on human well-being. For instance, in a 
low temperature area with weak temperature variability, the percentile-based index might 
consider 25 °C as an extreme temperature, which is not realistic in a warmer climate like 
Nigeria; hence it may not have application for human health in this region. To overcome the 
shortcoming of Abatan et al. (2016), the present study uses indices, that are based on exceedance 
of absolute temperature thresholds (HotD and TropN), that are more directly relevant to human 
health impacts than the percentile-based index in defining the extreme temperature event. In 
addition, studies have shown that changes in the number of days above 30 °C is linked with 
changes in the atmospheric circulation (Easterling et al. 2000). Abatan et al. (2016, 2018) 
examined changes in percentile thresholds and absolute thresholds of temperature indices, but 
did not examine the link between the large-scale features and these warm extremes. This shows 
that analysis of the linkage between large-scale atmospheric variables and extreme temperatures 
in Nigeria is lacking. Therefore, there is a need for the analysis of the relationship between 
atmospheric features and warm temperature extremes over Nigeria. As a result, this study also 
aims to examine the large-scale circulation features associated with warm extreme temperatures 
in Nigeria. The results of this study will show similarities and differences in the different 
methods of characterizing extreme temperature events, although different indices are useful for 
different applications. 
 
2 Datasets and method 
2.1 Data, indices, and trend calculation 
 We obtained the datasets used in this study from the Nigerian Meteorological Agency. 
The datasets consist of daily minimum temperature (TN) and maximum temperature (TX) for 21 
stations in Nigeria for the period from 1 January 1971 to 31 December 2012. Table 1 and Figure 
1 present the station names, abbreviations, and their locations. The data has been quality 
controlled and homogenized for application to studies of extremes (Abatan et al. 2016; 2018). 
 The threshold indices [e.g., SU25 and TropN] are among the extreme temperature indices 
defined by the ETCCDI (Peterson et al. 2001; Klein Tank et al. 2006) for evaluating station 
observations. The SU25 is defined as the number of days that TX is greater than 25 °C and the 
TropN was defined above. Not all indices defined as threshold indices by the ETCCDI represent 
extreme conditions that are applicable for the tropical region (Alexander et al. 2006; Dittus et al. 
2016). For example, the coastal region and the areas located at higher elevations in Nigeria 
experience summer days on almost all days in a year. Thus, SU25 may not be an ideal index to 
characterize temperature extremes in Nigeria. For consistency with the thresholds used to 
characterize warm extremes over West Africa in other studies (Moron et al. 2016), we work with 
two warm extremes; HotD and TropN. These thresholds are suitable for characterizing 
significant impacts on human well-being in the tropics, and they are relevant for impact studies 
(Moron et al. 2016). We also consider briefly the mean TX and mean TN of the stations. 
 To supplement the station-based analysis, we also perform a countrywide analysis in 
which we take the average over all stations in the country of the temperatures TX and TN, 
forming a new time series. The country-averaged time series is used for our analysis of large-
scale anomalies during particularly warm periods across the country.  For this analysis, we define 
new thresholds based on the country-average data. Here, we use a percentile-based threshold to 
define regional-average warm days, because the spatial average can reduce substantially the 
number of hot days and tropical nights. However, there is no universally accepted standard 
criterion for the percentile threshold to use. For example, Tomczyk et al. (2017) defined warm 
days as days when the regionally averaged daily TX exceeded the 95th percentile. In contrast, 
Peterson et al. (2001) defined country-averaged warm days as the percentage of days when 
country-averaged daily TX exceeded the 90th percentile, applying ETCCDI standards for 
percentile thresholds. We adopt the ETCCDI method because it is recognized by the World 
Meteorological Organization and is also widely accepted by the research community. In addition, 
the definition is consistent with the extreme weather event definition of the IPCC (2007).        
 We use the modified Mann-Kendall statistic for autocorrelated time series (Mann 1945; 
Kendall 1975; Hamed and Rao, 1998) to calculate trends in the temperature indices and assess 
the statistical significance of the trends at the 5% level. This statistical trend tool has gained 
widespread application in hydrological, meteorological, and agrometeorological fields to detect 
trends in data series (e.g., Yue et al. 2002; Tabari and Talaee, 2011; Patra, et al. 2012; Rehman, 
et al. 2012; Blain, 2013; Mackellar et al. 2014; Abatan et al. 2016). 
 
2.2 Large-scale atmospheric fields 
 We analyze reanalysis data from the European Centre for Medium-Range Weather 
Forecasts (ECMWF) ERA-Interim (ERAI) reanalysis (Dee et al. 2011) to examine large-scale 
atmospheric features during the warm extreme days. The ERAI dataset has different spatial 
resolutions. This study utilizes the 0.75° × 0.75° datasets from 1000 to 100 hPa pressure levels. 
We develop and analyze composite anomalies during the warm extreme days of several large-
scale fields including 2-m surface temperature (T2m), atmospheric pressure at sea level (SLP), 
specific humidity (Q), vertical velocity (omega; ω), zonal wind (u), meridional wind (v), clouds, 
and surface radiation fluxes. According to ERA-Interim, all fluxes are positive downward. 
 Based on the definitions of regional-average warm days and warm nights in section 2.1, 
there are 1522 days (9.92%) when TX is above the 90th percentile (P90) TX (36.2 °C) and 1533 
days (9.99%) when TN is above the P90 TN (24.1 °C). However, there are 566 common days 
(3.69%) when both TX and TN are higher than their respective 90th percentiles during the period 
1979–2012. The common-day warm events are most prevalent in April (360), March (98), and 
May (96). Thus, the large-scale analyses are based on March-April-May (MAM). These common 
days are used to develop the anomaly composites of the atmospheric fields linked with the warm 
extreme days discussed in section 3.4. We calculate the anomalies relative to the 1981–2010 
baseline period. The daily anomalies of a given month at each grid point are defined by 
subtracting the daily value from the daily long-term mean for the given month and then 
normalizing by the daily standard deviation for the given month. This is expressed simply as:  
𝑥𝑖,𝑗
′ =  
𝑥𝑖,𝑗 −  𝑥𝑖,𝑗 
𝜎𝑖,𝑗
                                                                                                                                   (1) 
where i and j are respectively day and month, σ is the standard deviation of the grid point’s time 
series, and the overbar represent the long-term mean for the period 1981–2010. All the 
normalized anomalies analyzed in this study are based on equation 1. 
 
3. Results     
3.1 Mean temperatures and warm extremes 
 Before proceeding to examine trends in regional minimum and maximum temperatures, it 
is important to give the summary of the monthly variability of the mean TN and mean TX over 
all stations. Figure 2 shows the monthly mean of TX and TN over three regions in Nigeria: the 
Guinea, Savanna, and Sahel regions. These regions are as shown in Fig. 1 and defined based on 
their climatic characteristics, consistent with Adefisan and Abatan (2015), although with a slight 
modification; warranted by the temporal patterns. For the Sahel, the monthly mean TX is 
characterized by pronounced double maxima with a substantial dip in between. The other two 
regions do not show distinct double maxima, though there is often a nearly zero trend between 
November and December. This index has its lowest value (27.3 – 32.4 °C) in the month of 
August across all stations over the three climatic zones. The primary and the near-secondary 
peaks in TX occur in February (33.4 – 35.0 °C) and November (30.9 – 32.6 °C), respectively, 
among the Guinean stations. For the Savanna stations, the primary and the near-secondary peaks 
in TX occur in March (35.8 – 39.7 °C) and December (31.4 – 35.1 °C), respectively. The 
primary and secondary peaks in TX among the Sahelian stations occur in April (39.1 – 41.1 °C) 
and October (34.8 – 36.6 °C), respectively. The TX appears warmer during the primary peak 
than the secondary (near-) peak. The contrast in thermal conditions during these periods is 
associated with the seasonal migration of the solar radiation forcing (Fontaine et al. 2013) 
coupled with the meridional migration of the intertropical discontinuity. A recent study by 
Moron et al. (2016) suggested that the thermal contrast between the primary and secondary peaks 
in temperature is a result of larger amount of incoming solar radiation in May and drier soils 
during the dry season. The TX increases northward as a function of latitude. TX is considerably 
higher in Sahel region than the other regions, with the Guinea region showing the lowest TX, 
primarily due to the sea breeze effect (Abatan et al. 2014). All the regions exhibit lower TX 
during JAS, with Guinea region cooler than the others. The lower value in TX is associated with 
the influence of higher cloudiness and rainfall (Fontaine et al. 2013). The monthly variability in 
TN is not well pronounced in the Guinea region, where TN ranges from 19.7 °C to 24.9 °C. The 
especially cool January and December TN in the Savanna (14.8 – 20.5 °C) and Sahel (11.4 – 
17.4 °C) regions may be due to the Harmattan conditions and to the relatively low amount of 
incoming solar radiation.           
 Figure 3 shows the spatial distributions of mean TX, mean TN, number of hot days 
(HotD) and tropical nights (TropN), 90th percentile of TX (90P TX) and TN (90P TN). The 
mean TX ranges from 30.7 °C in Calabar to 35.4 °C in Maiduguri (Fig. 3a), with the lowest 
values found among the Guinean stations (at most 31.6 °C). The mean TX in the Savanna region 
ranges from 31.8 °C to 34.8 °C, with the least in Kaduna and largest in Yola. The mean TX in 
Kaduna is comparable with those in the coastal sites, due to the orography effect in the central 
part of the country where the station is located. Higher values of mean TX are found for many of 
the Sahel stations, with the highest in Maiduguri (35.4 °C). Overall, the mean TX in the Guinea 
region is 31.2 °C, while it is 33.4 °C in the Savanna region and 34.6 °C in the Sahel region. 
Consistent with Fig. 2, the large contrast in temperature between the coastal stations and the 
more inland stations is a result of the influence of the maritime airmass over the coastal stations 
and the continental airmass over the inland stations. This result is consistent with Moron et al. 
(2016; their Fig. 3a). The spatial distribution in mean TN (Fig. 3b) appears to be less variable 
compared to TX. The mean TN is characterized by values ranging from 18.3 °C in Katsina to 
23.5 °C in Warri. In contrast to TX, higher mean values are found over the Guinea region, with 
both Savanna and Sahel regions dominated by relatively lower mean TN. This result is consistent 
with Moron et al. (2016) where some stations in Niger Republic that border the northern 
boundary of Nigeria in the Sahel region have at most 21 °C TN.  
 For HotD (Fig. 3c), higher values are observed at Sokoto (180 days; σ = 23 days), Nguru 
(181 days; σ = 22 days), and Maiduguri (180 days; σ = 21 days) in the Sahel. The HotD at other 
stations in the study domain ranges from 4 days to 149 days, with stations in the Guinea region 
having the least number of hot days (< 30 days on average). This result indicates that maximum 
temperature at these stations seldom exceeds/equal 35 °C in comparison with maximum 
temperatures at the other two regions (Fig. 3e; P90 TX). The pattern of TropN (Fig. 3d) is 
contrary to that of HotD (Fig. 3c). Here, we find higher TropN of at least 261 days at all the 
stations in the Guinea region and Savanna regions, with the exception of Kaduna (157 days; σ = 
24 days) and Makurdi (211 days; σ = 37 days). The TropN in Sahel ranges from 145 days (σ = 
46 days) in Katsina to 269 days in Sokoto (σ = 13 days). The Katsina data series indicated that a 
large number of days during the period 1971 – 1981 experienced fewer warm nights. The lower 
value of TropN in the Sahel may be related to the effect of radiational cooling resulting from 
frequent clear sky. On average, stations in Nigeria have at most 27.4 °C for P90 TN, with the 
lowest value in Kaduna (23.0 °C; Fig. 3f). The observed patterns in mean temperatures and warm 
extremes in Nigeria are consistent with observational analysis made by Moron et al. (2016) at 
other neighboring stations in West Africa. 
 
3.2 Observed trends in temperatures and extreme components at each station 
 Figure 4 shows the trend results in annual TX, TN, HotD, and TropN at each station. For 
TX (Fig. 4a), all stations have statistically significant positive trends in annual TX, with the 
exception of Kano (KAN). A similar result is shown for the annual TN trends (Fig. 4b), although 
Oshogbo (OSH) has weak non-significant positive trend in TN (0.003 °C per decade) while the 
negative trend in TN in Yelwa (YEL; –0.02 °C per decade) is not significant. In Guinea region, 
trends in TX ranges from 0.08 °C per decade to 0.33 °C per decade, with the highest in Ondo 
(OND), Warri (WAR) and Ikeja (IKJ) stations, respectively. The stations in the Savanna region 
exhibit linear trends in TX that range from 0.14 °C per decade to 0.28 °C per decade, while the 
trends in TX ranges from 0.12 °C per decade to 0.36 °C per decade among the Sahelian stations. 
Unlike trends in TX, the spread of trends in TN appears wider in the Sahel (0.16 °C per decade 
to 1.18 °C per decade) than the other two regions.  
 A large number of stations show significant increases in the frequency of warm extremes 
(Figs. 4c and 4d). In the case of HotD, three stations have no significant positive trend in the 
index. For TropN, four stations, Port-Harcourt (PHC) and Warri (WAR) in the Guinea region 
and Minna (MIN) and Kaduna (KAD) in the Savanna region, show positive trends that are not 
significant. The negative trend in the index in Oshogbo (OSH) is significant while it is not 
significant in Sokoto (SOK). The downward trend in TropN in Oshogbo is consistent with the 
downward trend in the frequency of warm nights in Abatan et al. (2016). Trends in HotD are 
considerably higher in the northern part of Nigeria (Savanna and Sahel regions) than in the 
southern part. The spatially averaged trends in HotD are 2.7, 8.6, and 8.1 days per decade for 
Guinea, Savanna, and Sahel, respectively. The large difference in trend values between the 
Guinea region and the other regions is due to the coastal effect. Although, trends in TropN are 
characterized by large spread (–6.9 days per decade to 34.1 days per decade), the spatially 
averaged values are 3.1, 7.0, and 9.5 days per decade for Guinea, Savanna, and Sahel regions, 
respectively.         
 
3.3 Temporal evolution and trends in temperatures and extreme events 
 Figure 5 shows the time series of the normalized anomalies of annual and seasonal mean 
temperatures and warm extremes over Nigeria. The anomalies are departures from the 1981–
2010 average. Also shown in Fig. 5 are the 5-year filtered anomalies of the indices. The period 
starting from 1971 to about 1990 has negative anomalies in temperatures and their component 
extremes relative to the 1981–2010 baseline period, while positive anomalies dominate the later 
parts of the study period. This pattern results in upward trends in the indices, indicating warming. 
Notable is the see-saw fluctuations in some seasons resulting in weak trend (e.g., JFM for 
TropN, AMJ for HotD, and JAS for TX and HotD). At the annual timescale, for TX and HotD, 
warm anomalies above 1σ occur in 1973, 1987, 1998, 2003, and 2009 to 2011, with the warming 
especially pronounced in 1973 and 2010. For TN and TropN, 2010 is also the warmest year, with 
anomalies warmer than 1σ above the mean. The year 2010 in Fig. 5 stands out as a period with 
the highest temperatures over Nigeria, consistent with recent study by Moron et al. (2016). 
During this year, many locations in the world such as Pakistan, Russia, and India recorded 
record-breaking temperatures accompanied by heatwaves. 
 At the annual scale, the trend in TN (Fig. 5c; 0.74 per decade) is higher than that of trend 
in TX (Fig. 5a; 0.62 per decade). A similar result is shown for the associated warm extremes, 
where TropN (Fig. 5d) shows statistically significant trend value of about 0.58 per decade and 
HotD (Fig. 5b) has 0.56 per decade. The pattern of trends in the temperatures and warm extremes 
at the seasonal scale is similar to that of the annual scale. All the indices, with the exception of 
TropN (Fig. 5e; JFM) and HotD (Fig. 5j; AMJ and Fig. 5n; JAS), exhibit statistically significant 
positive trends. Similarly, trends in TN and TropN are higher than those of TX and HotD in all 
seasons but for JFM. The trends in TX and TN at the seasonal scale range from 0.32 to 0.78 per 
decade. The largest trend is shown for TN during JAS (Fig. 5o), while TX (Fig. 5m) shows the 
lowest trend during the same season. Consistently, trends in warm extremes range from 0.16 to 
0.62 per decade. The increases in mean minimum temperature and associated warm extremes in 
Nigeria is consistent with other regional analysis over West Africa (Alexander et al. 2006; 
Moron et al. 2016).  
 The analysis is extended further by looking at trends in the indices in each region, by 
averaging in each region the data for its individual stations. The results of the time evolution of 
anomalies of temperatures (maximum and minimum) and related warm extremes for Guinea, 
Savanna, and Sahel regions, respectively, from 1971 to 2012 at annual and seasonal timescales 
are shown in Fig. A–C. The temporal patterns are similar, although the amplitudes of variability 
in HotD and TropN are weaker. Consistent with Fig. 5, two contrasting periods are observed 
with cool and warm conditions. On average, trends in the indices are statistically significant in 
all the regions. However, it is noted that there is no identifiable trends in TropN during JFM in 
Guinea region (Fig. A), and in HotD during JAS and AMJ in Savanna (Fig. B) and Sahel (Fig. C) 
regions, respectively. The HotD has no data during JAS in the Guinea region, a result of the 
cooler maritime air that never exceeds the 35 ˚C threshold at any of the stations in the region 
during that season. At the annual scale, the trend in TN is higher than the trend in TX at both the 
Guinea and Sahel regions, opposite to the Savanna region. This result is consistent with Abatan 
et al. (2016), which indicated that trends in minimum temperature related indices, TN90P and 
TN10P, are more pronounced in Guinea and Sahel regions.   
  
3.4 Large scale features associated with warm extremes 
3.4.1 The synoptic features 
In this section, we use the ERAI large-scale fields to investigate the large-scale 
atmospheric circulation features associated with the warm extreme days over Nigeria during 
MAM.  
The T2m composite shows a broad warm temperature anomaly over a large expanse of 
West Africa (southward of 20 °N), Gulf of Guinea, and the south Atlantic Ocean (Fig. 6a), 
collocated with cold temperature anomaly over North Atlantic Ocean and the coastal region of 
Morocco. The core of the warm anomaly (about 0.6) lies over northern Nigeria. However, the 
magnitude of the positive temperature anomalies over the continent is higher than that over the 
Gulf of Guinea. The difference in temperature between the continent and the ocean creates a 
gradient of temperature. This, however, results in low level flux convergence and the 
development of a thermal low over land (Figs. 6a and b). The trough axis of the anomalous low 
mean sea level pressure (MSLP) oriented northeast to northwest along the core of the 
anomalously warm temperature, indicating that the warming is associated with an intensification 
of MSLP. The thermal low is a familiar climate feature over Northern Africa. In a study of heat 
waves occurrences over Northern Africa, Fontaine et al. (2013) showed that the core of the 
warming is restricted between latitude 15–20 °N and longitude 10–15 °E during JFM and AMJ, 
whereas in summer, the core is located north of 20 °N over the western Sahara (see their Figures 
3 and 4). The latitudinal location of the thermal low during the period of study corresponds to the 
northward march of the Intertropical discontinuity (ITD). The coincidence location of the 
anomalous warm temperature and anomalous low MSLP suggest that warm extreme events over 
Nigeria may be attributed to the interplay between several synoptic features associated with the 
intraseasonal variability of the ITD. This is consistent with previous studies that indicated that 
the thermal low and the associated convergence pattern played an important role on the climate 
of West Africa (Lavaysse et al., 2009; Thorncroft et al., 2011).  
An important index to measure the depth of the layer of warm or cold air, with high 
values signaling warm air and low values signaling cold air, is the 500–1000 hPa geopotential 
height thickness. Looking at the height composite, it is evident that there is a positive 500–1000 
hPa geopotential height thickness anomaly over most of the West Africa, with a center over 
southwest Libya and a southward protruding ridge extending over Nigeria (Fig. 6b). In addition, 
the region of negative 500–1000 hPa geopotential height thickness anomaly characterizes the 
North Atlantic Ocean, Morocco, and Western Sahara. The contrast between the oceanic and 
inland height thickness confirms the magnitude of warming over the interior. As indicated by the 
wind vector, the wind circulation around the high geopotential height thickness transport warm 
air from the Sahara region and converge with the lesser warm air from the Gulf of Guinea over 
the northern region of Nigeria. These circulation patterns are confirmed by the northerly to 
northeasterly flow over the northern axis of the country and the southerly to southwesterly flow 
over the central-and-southern parts, as indicated in Figures 6c and 6d.  
As part of the synoptic features during the MAM warm extreme days in Nigeria, it is 
evident that the period of study exhibits anomalous low specific humidity over Nigeria (Fig. 6e). 
Concomitantly, a northeast to southwest oriented broad band of positive specific humidity 
protruding inland from the ocean and covering most of the Sahel, Sierra Leone, Guinea-Bissau, 
Guinea, and Libya is evident. Comparison of Fig. 6a and 6e emphasizes the relationship between 
surface temperature and specific humidity as important indicators of the amount of atmospheric 
moisture. From these patterns, it can be suggested that the rate of evapotranspiration is high 
leading to reduced soil moisture and further enhance surface warming. A further understanding 
of the large-scale atmospheric processes during the extreme events days is provided by the 
vertical profile of the vertical wind component (Fig. 6f). It is revealed that warm extreme days 
over Nigeria is accompanied by mid- to upper troposphere subsidence motion, with the core of 
the descending motion anchored at 10–15 °N, consistent with the core of the warm anomaly 
presented in Fig. 6a. Southwards of 600 hPa level, a shallow ascending motion is evident. The 
core of this motion at 850 hPa and between 10 and 13 °N is consistent with the location of the 
low MSLP as indicated in Fig. 6b. Another interesting feature in Fig. 6f is the convergence of the 
ascending motion and descending motion that creates a strong southward motion at 600 hPa, the 
African Easterly Jet (AEJ) level. 
 
3.4.2 The surface radiative features and clouds 
The synoptic patterns during the MAM warm extreme days in Nigeria depicted in section 
3.4.1 highlights the contribution of different surface and atmospheric processes, which are 
strongly connected to surface energy fluxes, to anomalous climate conditions over Nigeria. It is 
therefore reasonable to know which of the surface energy fluxes enhance surface air temperature 
that dominate the MAM warming conditions experienced in Nigeria. As a result, we examine the 
composite maps of surface energy fluxes, including surface net longwave radiation (LWR), 
surface net shortwave radiation (SWR), latent heat flux (LHF), and sensible heat flux (SHF), 
during the warm extreme days. In this study, radiative fluxes are counted positive downward and 
negative upward. In addition to this, we also examine the contribution of clouds to temperature 
warming since clouds are important components of the weather and climate systems and also 
because they have a strong influence on the radiation budget at the earth’s surface (Coley and 
Jonas, 1999). 
 
3.4.2.1 Radiative fluxes: SWR and LWR 
The warming over Nigeria during the period of study can be attributed to enhanced 
surface net solar radiation flux (Fig 7). The incoming SWR determines the magnitude of surface 
temperature anomaly over land. As shown in Fig. 7a, positive anomaly in SWR dominate the 
Gulf of Guinea coast and the eastern part of West Africa including Nigeria. In contrary, the 
southwestern part of West Africa and the western half of the North Africa, including Mali, 
Western Sahara, Morocco, Niger, and Algeria are characterized by negative anomaly of SWR. It 
can be predicted that the positive SWR anomaly is due to the reduction in total cloud cover. This 
is evident from the spatial plot of clouds presented in Fig. 8, and the patterns therein may be 
considered reasonable to support this claim. The positive anomalies in SWR over Nigeria 
indicates that the warm temperature anomalies (Fig. 6a) during the period of study is a 
consequence of the large amount of SWR at the earth’s surface. However, the composite map of 
LWR (Fig. 7b) displays patterns over land, which is consistent with the idea that the warmer 
earth’s surface emits more infrared radiation back to the atmosphere. However, increase or weak 
changes in low and middle clouds over some part in Nigeria suggest that more LWR from the 
earth’s surface will be absorbed by the middle clouds, which in turn radiate more LWR back to 
the earth’s surface, especially at night, thereby resulting in a warmer nights. These patterns are in 
agreement with previous studies over West Africa (e.g., Oueslati et al., 2017; see their Fig. 7). 
While the positive SWR anomaly over Nigeria may be attributed to reduced cloudiness, the 
negative SWR anomaly over southwestern part of West Africa and western part of North Africa 
may be attributed to increased cloudiness, possibly from the encroachment of mid-latitude 
system (Fig 6b). The incursion of mid-latitude system, which induces a westerly wind over the 
coast of Morocco, brings in moist cold air into the continent, as evident by the negative 
anomalies in temperature (Fig. 6a) and positive anomalies in Q (Fig. 6e). Previous studies have 
attributed extreme heat events over West Africa to both the influence of radiative and advective 
conditions (Fontaine et al., 2013; Oueslati et al., 2017). Thus, we can infer that extreme heat over 
Nigeria is attributed solely to the contribution from enhanced SWR. 
 
3.4.2.2 Cloud cover 
The spatial patterns of SWR and LWR in section 3.4.2.1 appears to be a function of 
clouds and atmospheric moisture content as indicated by the pattern of the specific humidity. In 
this section, we shed light into the contribution of clouds to the anomalous temperature warming 
over Nigeria during MAM by examining the composite maps of total cloud cover (TCC), low 
cloud cover (LCC), medium cloud cover (MCC), and high cloud cover (HCC) anomalies (Figs. 
8a–8d). The TCC anomaly provides evidence of reduced clouds over Nigeria, consistent with 
increased SWR and reduced LWR anomalies (Fig. 8a). This implies that, on one hand, clouds are 
good reflectors of incoming shortwave radiation. As such, the reduced clouds during MAM 
contributes to more anomalous SWR reaching the earth’s surface. On the other hand, clouds are 
also excellent absorber and emitter of infrared radiation. To examine the influence of clouds in 
the LWR spectrum, we focus attention on the analysis of each cloud types. The LCC anomaly 
exhibits a zonally wave-like cloud-band structure that stretches throughout the whole length of 
West Africa and beyond; from 10 °W to 30 °E with a mean position at roughly 10 °N (Fig. 8b). 
This pattern delineates the surface position of ITD, the trade wind convergence zone formed by 
the differential of air mass between the sea and the land, supporting the mean location of the 
thermal low (Fig. 6b). The southern part of this zone is dominated by reduced LCC anomaly, 
while the Sahel-Sahara regions to the northern part of this zone is dominated by more reduced to 
no LCC. The positive LCC anomaly over northern Nigeria implies that low clouds absorbs the 
surface emitted LWR (Fig. 7b). Because low clouds are warmer clouds, much of the absorbed 
energy is emitted back to the earth’s surface with little energy emitted upward to space, thus 
energy is trapped at the lower layers of the atmosphere resulting in anomalous warm 
temperature. As for the other two cloud coverages, HCC seems to have little influence over land 
region, as indicated by the reduced cloud coverage over Nigeria (Fig. 8d). However, the 
influence of HCC becomes noticeable over Sahel-Sahara regions where thin cirrus clouds are 
often observed. The role of cirrus clouds over this region is basically to trap some of the earth’s 
surface emitted infrared radiation and radiate it back to the surface, contributing to warming. 
Previous studies have shown the impact of cirrus clouds in producing a net local warming over 
the deserts (Coley and Jonas, 1999; Bouniol et al. 2012). The MCC, however, characterizes the 
study domain with a mix of positive MCC anomaly in the north and south, and negative MCC 
anomaly in the central and northwest regions (Fig. 8c). In addition, to the contribution to 
warming from LCC, MCC also contributed to the anomalous MAM warm temperature over 
Nigeria by emitting the absorbed infrared radiation back to the surface. 
 
3.4.2.3 Turbulent fluxes: SHF and LHF 
To support our claim that enhanced positive SWR contributed significantly to anomalous 
MAM warming over Nigeria, we examine the spatial patterns of SHF and LHF anomalies (Fig. 
9) since these fluxes can significantly modulate the surface heating. It is worthy to note that 
sensible heat refers to the transfer of thermal energy from the earth’s surface and it is a function 
of temperature differential between the surface and the air, and the surface wind speed, while 
latent heat refers to the amount of energy release as a result of evaporation and it is a function of 
specific humidity differential between the surface and the air, and the surface wind speed. From 
the spatial distributions of these surface fluxes, it is noted that the study domain is characterized 
by negative SHF anomaly, indicating sensible energy is transferred from the warmer earth’s 
surface to warm the atmosphere. Similarly, most of the study domain is characterized by positive 
LHF, indicating less latent heat energy (evaporation) is available at the earth’s surface for 
cooling the atmospheric boundary layer because the earth's surface is dry. Hence, additional solar 
radiation from the less cloudiness goes for sensible heating to warm the atmosphere. 
The overall impact of the anomalous temperature warming during this period increases 
the moisture holding capacity of the air and led to reduction of the specific humidity. 
Furthermore, the warm anomaly also increases the speed of the AEJ over Nigeria, as indicated in 
Fig. 6f, because it strengthens the reversed meridional thermal gradient that drive the AEJ.  
     
4. Conclusions  
 This study examines trends in temporal evolution of observed mean minimum and 
maximum temperatures and their warm extremes over Nigeria during the period 1971 to 2012. In 
particular, the study focuses on TropN and HotD. These indices have significant impact on 
human well-being in the tropical region. We analyze the trend results individually for the 
minimum and maximum temperatures. However, for the analysis of the anomalies of large-scale 
atmospheric fields associated with warm extreme days over Nigeria, we develop composite of 
anomalies of the large-scale fields using the common days when both TX and TN exceed their 
respective 90th percentile thresholds during 1979–2012.   
 During the study period, the mean TX increases from the coastal region to the Sahel 
region, with values ranging from 30.7 °C (Calabar) to 35.4 °C (Maiduguri). In contrast, the mean 
TN decreases northward. The observed distributions were confirmed in a study over West Africa 
(Moron et al. 2016). The mean TX is characterized by double peaks with fluctuation in the 
timing of the peaks at the different stations. Stations in the Guinea region experience the major 
peak in TX in February, while the major peak in TX among the Savanna stations occur in March. 
Unlike the stations in Guinea and Savanna regions, the Sahel stations have their major peak in 
TX in March and April, respectively. The secondary peak in this index occurs during the dry 
season months. The observed pattern in temperature is due to the seasonal fluctuation of the solar 
zenith. 
 The highest frequency of occurrence of HotD is recorded in the Sahel region (> 150 days) 
with the least in the Guinea region (< 30 days). The spatial pattern of the frequency of 
occurrence of TropN is opposite to HotD in the Guinea region. The TropN has values between 
150 and 270 days in the Sahel. The difference between TropN in the southern part and northern 
part of Nigeria may be related to differences in nighttime radiative forcing and other 
environmental factors. There is an increase in mean temperatures and their extreme components 
in Nigeria on seasonal and annual scales. The significant positive trends in annual TN are higher 
than those of TX, while the magnitude of trends in their extremes are somewhat similar. Positive 
trends in minimum temperature extreme higher than that of maximum temperature extreme were 
found over West Africa (Alexander et al. 2006; Moron et al. 2016). 
 The warm extreme days in Nigeria during the period of study is associated with 
anomalous large-scale atmospheric features. The 2m air temperature is greater than the baseline 
mean, with the maximum core over the northern half of Nigeria, signifying anomalous 
temperature warming. This warming is supported by low level wind convergence associated with 
stronger southwesterly wind from the Gulf of Guinea coupled with a shallow thermal low north 
of 10 °N. The co-existence of low-level moisture convergence with the core of the thermal low 
implied the important contribution of moisture transport to the initiation and maintenance of the 
anomalous temperature warming, through the advection of moisture. 
 The vertical profile of vertical velocity exhibited conditions that are favorable for warm 
extreme days. The interaction between mid-tropospheric subsidence motion and negative MSLP 
anomaly created conditions that are favorable to induce reduced total cloud cover, resulting in 
more SWR at the surface as indicated by the positive SWR anomaly over the study domain. The 
downward LWR had little contribution to the surface warming. In fact, the contribution of LWR 
to the surface temperature warming was evident through surface emission of thermal energy, 
which was re-radiated back to keep the earth-atmosphere system warm through the efforts of the 
low- and medium clouds. 
 The result of this study is consistent with studies in other regions of West Africa that 
showed the interaction between large-scale physical features and surface temperature (e.g., 
Fontaine et al. 2013; Oueslati et al. 2017). Although the warm extreme days analyzed in this 
study was based on the national temperature scale, the results of the analyses have provided 
substantial information that can guide weather forecasters and climate users in identifying 
atmospheric features that are relevant to extreme heat in their day-to-day synoptic weather 
analysis. Due to the differential topographic and climatic features in Nigeria, different regions in 
Nigeria will benefit from regional analysis of extreme heat and associated physical mechanisms.   
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Table 1 List of stations used in the study, their abbreviations, geographical coordinates and 
WMO identification number. The study period for all stations is from 1971 to 2012.         
Climatic  
region 
Station  
Name 
Station 
Abbreviation 
       WMO 
      number 
Latitude 
(°N) 
Longitude 
(°E) 
Guinea Ikeja IKJ 65201 6.58 3.33 
 Ibadan IBD 65208 7.39 3.89 
 Oshogbo OSH 65215 7.77 4.57 
 Ondo OND 65222 7.17 5.08 
 Benin BEN 65229 6.32 5.62 
 Warri WAR 65236 5.52 5.75 
 Port-Harcourt PHC 65250 4.79 7.01 
 Calabar CAL 65264 4.96 8.31 
Savanna Ilorin ILR 65101 8.50 4.55 
 Minna MIN 65123 9.61 6.56 
 Lokoja LKJ 65243 7.82 6.75 
 Makurdi MAK 65271 7.73 8.54 
 Yelwa YEL 65001        10.88 4.75 
 Kaduna KAD 65019        10.33 7.75 
 Yola YOL 65167 9.23        12.48 
Sahel Katsina KAT 65028        12.25 7.50 
 Kano KAN 65046        11.50 8.50 
 Nguru NGU 65064        12.65        10.59 
 Potiskum POT 65073        11.73        11.15 
 Maiduguri MAI 65082        11.85        13.16 
 Sokoto SOK 65010        13.07 5.23 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 1. Map of Nigeria showing the climatic zonation and the location of the stations used in this 
study. As shown in Table 1, the stations are classified into three regions: Guinea, Savanna, and 
Sahel. The inset map at the bottom right corner shows the location of Nigeria on the map of 
Africa.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Annual cycle of TX (top row) and TN (bottom row) over (a, d) Guinea, (b, e) Savanna, 
and (c, f) Sahel regions during 1971–2012. The spatial locations of stations in each region are 
shown in Fig. 1 and their coordinates are given in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Spatial distribution of (a) mean TX, (b) mean TN, (c) HotD (TX > 35°C), (d) TropN (TN 
> 20°C), (e) P90 TX (90th percentile of TX), and (f) P90 TN (90th percentile of TN).  
 
 
 
 
Fig. 4. Trends in annual (a) TX, (b) TN, (c) HotD, and (d) TropN during the 1971 – 2012 period. 
Black filled bars indicate trends that are statistically significant at the 5% level, while open bars 
are not statistically significant. The dashed vertical lines demarcate the stations according to their 
region, with the regions ordered from left to rights as Guinea, Savanna and Sahel. The units are 
°C/decade for (a) and (b) and day/decade for (c) and (d). Stations with trend values higher than 
the axis scale of the figure are scaled-down to fit within the plot; the actual value is the value on 
the bar multiplied by the scale factor shown on the plot. The full meaning of the station 
abbreviations is given in Table 1.     
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Interannual variability and trends in standardized anomaly of annual (Ann, row 1) and 
seasonal (JFM, row 2; AMJ, row 3; JAS, row 4; and OND, row 5) temperature-related indices 
over Nigeria. The indices are TX (a, e, i, m, and q), HotD (b, f, j, n, and r), TN (c, g, k, o, and s), 
and TropN (d, h, l, p, and t). The solid red line shows the 5-year running mean of the respective 
index time series. The Theil-Sen slope estimator is shown on each panel with asterisk indicating 
trend value that is statistically significant at 5% level. The normalized anomaly is calculated 
based on Eq. 8. The black horizontal dotted line is the ± 1σ, where σ denotes the standard 
deviation of the anomaly series.   
 
 
 
 
 
 
 
 
 
Fig. 6. The March-April-May (MAM) composites of normalized anomalies of (a) T2m, (b) SLP 
(shade) and 500–1000-hPa geopotential height thickness (green contour) superimposed with 850-
hPa wind vector, (c) 850-hPa meridional wind component, (d) 850-hPa zonal wind component, 
(e) 850-hPa specific humidity, and (f) height-latitude profile of omega (ω) superimposed with 
wind vector (v, -ω) averaged over the longitudinal length of Nigeria. 
 
 
 
 
 
 
 
 
 
Fig. 7. Composites of normalized anomalies of (a) surface net shortwave radiation and (b) 
surface net longwave radiation during the March-April-May (MAM) warm extreme days over 
Nigeria. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Composites of normalized anomalies of (a) total cloud cover, (b) low cloud cover, (c) 
medium cloud cover, and (d) high cloud cover during the March-April-May (MAM) warm 
extreme days over Nigeria. 
 
 
 
 
 
 
 
Fig. 9. Composites of normalized anomalies of (a) surface net sensible heat flux and (b) surface 
net latent heat flux during the March-April-May (MAM) warm extreme days over Nigeria. 
 
 
 
 
Fig. A. Interannual variability and trends in standardized anomaly of annual (Ann, row1) and 
seasonal {JFM, row2; AMJ, row3; JAS, row4; and SON, row5} TX (a, e, i, m, and q), HotD (b, 
f, j, n, and r), TN (c, g, k, o, and s), and TropN (d, h, l, p, and t) over Guinea region. The solid 
red line shows the 5-year running mean of the respective index time series. The Theil-Sen slope 
estimator is shown on each panel with asterisk indicating trend value that is statistically 
significant at 5% level. The normalized anomaly is calculated based on Eq. 8. The black 
horizontal dotted line is the ± 1σ, where σ denotes the standard deviation of the anomaly series. 
  
 
 
 
 
 
 
Fig. B. Interannual variability and trends in standardized anomaly of annual (Ann, row1) and 
seasonal {JFM, row2; AMJ, row3; JAS, row4; and SON, row5} TX (a, e, i, m, and q), HotD (b, 
f, j, n, and r), TN (c, g, k, o, and s), and TropN (d, h, l, p, and t) over Savanna region. The solid 
red line shows the 5-year running mean of the respective index time series. The Theil-Sen slope 
estimator is shown on each panel with asterisk indicating trend value that is statistically 
significant at 5% level. The normalized anomaly is calculated based on Eq. 8. The black 
horizontal dotted line is the ± 1σ, where σ denotes the standard deviation of the anomaly series. 
  
 
 
 
 
 
 
 
 
 
Fig. C. Interannual variability and trends in standardized anomaly of annual (Ann, row1) and 
seasonal {JFM, row2; AMJ, row3; JAS, row4; and SON, row5} TX (a, e, i, m, and q), HotD (b, 
f, j, n, and r), TN (c, g, k, o, and s), and TropN (d, h, l, p, and t) over Sahel region. The solid red 
line shows the 5-year running mean of the respective index time series. The Theil-Sen slope 
estimator is shown on each panel with asterisk indicating trend value that is statistically 
significant at 5% level. The normalized anomaly is calculated based on Eq. 8. The black 
horizontal dotted line is the ± 1σ, where σ denotes the standard deviation of the anomaly series. 
